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Introduction
============

Nucleocytoplasmic transport is mediated by the nuclear pore complex (NPC), a large transporter spanning the nuclear envelope (NE; for review see [@bib11]). In yeast ([@bib44]) and vertebrates ([@bib10]), the NPC has a highly symmetrical structure. A cylindrical central framework of octagonal symmetry, measuring ∼120 nm in diameter and 70 nm in length, is decorated by eight cytoplasmic filaments of ∼50 nm length, while eight nuclear filaments of ∼150 nm in length connect at their tips to form a basket. The NPC is made up of ∼30 different polypeptides ([@bib30]; [@bib8]) referred to as nucleoporins, which occur in multiples of eight to yield a total mass of ∼40 MD (yeast) or ∼60 MD (vertebrates). About one third of the nucleoporins contain repetitive sequences (FG repeats) in which the residues FG, GLFG, or FxFG are separated by hydrophilic linkers of variable length.

The NPC supports at least three distinct types of transport: restricted diffusion, facilitated diffusion, and unidirectional Ran-dependent transport ([@bib38]). Molecules, which do not specifically interact with nucleoporins and in that sense are inert, permeate the NPC at rates inversely related to their molecular size. Transport rates are consistent with restricted diffusion through a channel within the NPC center ∼10 nm in diameter and ∼45 nm in length ([@bib25]; [@bib13]). In contrast, the translocation of molecules, which specifically interact with FG repeats of nucleoporins such as the transport receptors transportin 1/karyopherin β2 ([@bib27]; [@bib5]), NTF2/p10 ([@bib22]; [@bib24]), and NXT1/p15, is facilitated ([@bib28]; [@bib34]; [@bib14]). For instance, NTF2, a 15-kD monomer forming homodimers, is translocated through the NPC of *Xenopus laevis* oocytes ∼10 times faster than α-lactalbumin (14 kD) and ∼50 times faster than GFP (29 kD; [@bib34]; [@bib14]). Substrates containing an NLS do not interact directly with the NPC but bind in cytoplasm to soluble transport receptors. These import complexes are translocated through the NPC and dissociate in the nucleus upon binding of RanGTP. Conversely, substrates containing a nuclear export signal form ternary complexes with a transport receptor and RanGTP in the nucleus, which are translocated through the NPC, and hydrolysis of Ran-bound GTP induces their dissociation.

Restricted and facilitated diffusion through the NPC are passive bidirectional processes. However, the receptor-mediated transport of NLS- and nuclear export signal--containing substrates is vectorial and can proceed against concentration differences. The mechanism by which molecules are translocated through the NPC is essentially unresolved. It is established that transport receptors bind to FG repeats of nucleoporins, and it is thought that this binding facilitates translocation. However, both the topographic arrangement of binding sites within the NPC and the functional relations between binding and transport are a matter of speculation.

Single molecule methods ([@bib20]) can provide unique information on topographic properties and kinetic processes that is lost by averaging over large populations of unsynchronized molecules. One approach to single-molecule detection that is particularly suited for biological applications is far-field optical microscopy using high-sensitivity CCD camera systems ([@bib32]). Single molecules are imaged as diffraction-limited spots, which may be approximated by a two-dimensional Gaussian function. At a wavelength of 660 nm and a numerical aperture of 1.4 of the used objective lens the full width at half maximum of the Gaussian is 390 nm. Thus, the shape of a submicroscopic particle cannot be resolved, but the position of the particle can be determined with high precision by a fitting process. The localization precision depends on the signal/noise ratio and, according to numerous theoretical and experimental studies, may reach a few nanometers under optimal conditions ([@bib39]; [@bib46]). Thereby, single molecule detection allows us to follow the traces of single molecules. The technique has mostly been applied to analyze the movement of single receptors and lipid molecules in membranes (for review see [@bib33]), but was recently extended to study also single-molecule mobility within the interior of mammalian cells (for reviews see [@bib21]; [@bib31]). By using multicolor fluorescence, distances between differently labeled single molecules or structures may be determined with precisions in the range of a few nanometers ([@bib40]).

In this work, single-molecule methods were applied to the NPC of digitonin-permeabilized somatic cells. This approach was recently shown to yield significant insight into the understanding of nucleocytoplasmic transport (Kubitscheck, U., A. Hoekstra, T. Kues, J.P. Siebrasse, and R. Peters. American Biophysical Society Meeting. 2003. 123A; [@bib2]; [@bib45]). Using antibodies, the location of the nucleoporin Nup358 on the axis of the NPC could be resolved at a precision previously achieved by electron microscopy of fixed, embedded, and sectioned specimen only. The distribution of binding sites were analyzed for the nuclear transport receptors NTF2, and the dwell times of the import receptors NTF2 and transportin 1 with and without their respective transport substrates have been measured. The results have profound implications for the mechanism of translocation through the NPC.

Results
=======

Coordinates of the NE can be determined in permeabilized cells at nanometer precision by high-sensitivity fluorescence microscopy
---------------------------------------------------------------------------------------------------------------------------------

To localize NE and NPCs in permeabilized cells by fluorescence microscopy, we used a HeLa cell line stably expressing a GFP conjugate of the nucleoporin POM121 ([@bib4]). POM121 is localized in the center of the NPC as indicated in [Fig. 1](#fig1){ref-type="fig"} ([@bib36]). Fluorescence microscopic images of permeabilized HeLa cells expressing GFP-POM121 ([Fig. 2](#fig2){ref-type="fig"} A) showed the NE as punctuate line. A one-dimensional peak-fitting program was used to determine the positions of the GFP-POM121 with sub-pixel resolution ([Fig. 2](#fig2){ref-type="fig"} B; see Materials and methods and the Online supplemental material for details). The position of the fluorescence maximum could thus be determined with a precision of 10 nm ([@bib16]). The peak positions of the fits were considered as the centers of the NPCs and used as origin (x = 0) of a coordinate system along the NPC axis.

![**Topographic markers at the NPC.** Sketch of the site of GFP-POM121 (green), the binding sites of the primary antibody αNup358 (yellow), and the Alexa633-labeled secondary antibody (red). The range of geometrical binding configurations is indicated by the dashed circles, and spreads the experimentally observed label distribution by ±30 nm.](200411005f1){#fig1}

![**Labeling of the NE by GFP-POM121.** (A) Bright-field image of the equatorial plane of HeLa cell nucleus. A line of green fluorescence originating from GFP-POM121 contained in the NPCs in focus marked the position of the NE. The image was smoothed using a 5 × 5 Gaussian kernel with a SD of 1 pixel and contrasted for display. Field size, 10.8 × 10.8 μm^2^. (B) Profile along a row of pixels (solid line in A), and fitting result on the basis of a Gaussian on a linear ramp in a region of ±5 pixels within the maximum (solid line, closed circles). The unsymmetrical shape of the profile was due to the GFP-POM121 within out-of-focus regions of the NE (left of the NE in A).](200411005f2){#fig2}

In equatorial optical sections of nuclei, the NPCs were usually not resolved as separate entities. The NPC density was ∼5 NPCs/μm^2^, so that the nearest neighbor distance between NPCs was \<0.4 μm ([@bib15]). The radial and axial resolution of our microscopic setup was 0.3 and 0.8 μm, respectively. Therefore, the signals of single NPCs generally overlapped, especially in the axial direction. Only in regions of the NE having by chance a low NPC density single NPCs could be visualized as single fluorescent spots.

The gross topography of the NPC can be resolved by single-molecule fluorescence microscopy
------------------------------------------------------------------------------------------

To study the topography of the NPC, we used Nup358, a major structural component of the cytoplasmic filaments ([@bib42]; [@bib43]; [@bib9]). Immunelectron microscopic studies using an antibody against Nup358 residues 2550--2837 revealed a peak of binding sites at a distance of 59 nm from the NPC mid-plane ([@bib43]). Similarly, an analysis using an antibody against Nup358 residues 2501--2900 yielded a peak at 70 nm from the NPC midplane with a mean distance of 57 ± 11 nm, and a polyclonal antibody against residues 2290--2314 yielded a distance of 51 ± 10 nm, also suggesting that the COOH terminus of that large nucleoporin is oriented toward the cytoplasm ([@bib41]).

We labeled permeabilized HeLa cells expressing GFP-POM121 with the primary polyclonal anti (α)-Nup358 antibody developed by [@bib43]. Then, one channel of the two-color CCD video system was used to acquire a single image of the green GFP-POM121 fluorescence. Subsequently, a red fluorescent secondary antibody was added to the specimen in picomolar concentrations, and the second channel of the video system was used to record an image sequence at 6.7 Hz frame repetition rate and 1 min total length to monitor the appearance and binding of single secondary antibodies at the NE. To achieve optimal localization precision, a single frame integration time of 50 ms was used. After movie acquisition, a further image of POM121 fluorescence was recorded in channel one as stability control. Finally, the two channels were aligned and the position of each antibody molecule was determined in relation to the NE. [Fig. 3](#fig3){ref-type="fig"} A shows selected frames of such an image sequence. Here, the red fluorescence of single antibody molecules was overlaid with the green fluorescence of GFP-POM121.

![**Observation of single antibodies at the NE.** (A) Single frames of a video sequence showing the binding of secondary Alexa633-labeled antibodies (red spots) to preincubated αNup358 in the equatorial plane of a HeLa cell nucleus. An image of GFP-POM121 was acquired before movie acquisition and overlaid by the red channel image data. It was possible to visualize the binding of individual fluorescent antibodies to their NPC-bound epitopes one at a time. Images were smoothed using a 5 × 5 Gaussian kernel with a SD of 1 pixel and contrasted for display (integration time, 50 ms; frame rate, 6.67 Hz). Bar, 2 μm. (B) Plot of all antibody positions determined in the complete video sequence (400 images). The solid line shows the positions of the GFP-POM121 indicating the NE (c, cytoplasm; n, nucleoplasm). (C) Frequency histogram of the αNup358 binding sites in relation to the respective nearest point of the NE (defined as zero). The histogram has a distinct maximum at d = −72 ± 10 nm (left arrow). The data clearly demonstrate that Nup358 is located at the tips of the cytoplasmic filaments.](200411005f3){#fig3}

Image sequences as shown in [Fig. 3](#fig3){ref-type="fig"} A were evaluated by a nonlinear peak-fitting algorithm, which yielded the positions, widths, and relative intensities of the antibody signals (see Online supplemental material, available at <http://www.jcb.org/cgi/content/full/jcb.200411005/DC1>). The positional precision was 20--40 nm, i.e., far beyond optical resolution. In general, fluorescent antibody molecules could only be observed as diffraction-limited spots when attached to immobile structures (e.g., NPC-bound primary antibodies). Due to the long integration time used in these experiments the signals of freely diffusing antibody molecules were blurred by fast motion and mostly vanished in the background noise. The time for which single secondary antibody molecules were seen at the NE (residence time) varied between 0.15 and 3.0 s (i.e., 1--20 images). The disappearance of antibody molecules was presumably caused by photobleaching or dissociation. Examination of the photostability of the Alexa633-labeled secondary antibodies showed that they could be observed at the applied conditions for 20 images on average. Due to their heterogeneous nature, polyclonal antibodies show a wide range of dissociation rate constants, which may extend from 1 s^−1^ up to 10^−3^ s^−1^ ([@bib17]). Therefore, the observed residence times were in the expected range. Furthermore, we compared the fluorescence intensities of putative single antibody molecules in the aforementioned experiments with those from the same molecules attached to the surface of coverslips (unpublished data). On average, the latter signals were 2.6-fold brighter compared with the intracellularly detected signals. A signal reduction of this extent was expected due to scattering effects and the refractive index mismatch between immersion medium and mounting buffer ([@bib12]). This corroborated the assumption that the intracellularly observed diffraction-limited signals were indeed images of single antibody molecules, and not, e.g., aggregates of molecules.

In [Fig. 3](#fig3){ref-type="fig"} B, the outcome of a representative experiment is shown. Dots represent the positions of single antibody molecules while the line indicates the center of the NE as derived from the GFP fluorescence. Conspicuously, many sites along the NE ([Fig. 3](#fig3){ref-type="fig"} B) bound several antibody molecules one after the other. These regions had just the extension of an NPC. Thus, in contrast to the simultaneous labeling of NPCs by GFP-POM121, the sequential labeling by antibody molecules presumably made single NPCs visible ([@bib45]). Although an unambiguous identification of single NPCs remained impossible, the estimated density of putative NPCs was consistent with expectation.

The coordinates of the observed antibody binding sites were used to calculate their distances from the NE. The frequency distribution of such distance values, as determined in five experiments, is shown in [Fig. 3](#fig3){ref-type="fig"} C. A clear maximum was found on the cytoplasmic side of the NPC center at d = −72 nm. The distribution was asymmetrical because of occasional unspecific binding of the antibody in the cytoplasm. An extensive discussion of the measurement error analysis is contained in the Online supplemental material. [@bib43], using the same αNup358 antibody used in this work, localized Nup358 in a fixed electron microscopic specimen at a distance of 59 nm from the NPC mid-plane. Thus, the present results, concerning permeabilized cells in physiological medium, are in good agreement with the previous electron microscopic studies. In control experiments without primary antibodies, no binding of the used secondary antibodies was detected near the NE.

Nuclear transport receptor NTF2 binding sites are distributed throughout the central framework of the NPC
---------------------------------------------------------------------------------------------------------

The interaction of NTF2 with the NPC was studied using recombinant Alexa488-labeled human wild-type NTF2. The used NTF2 preparation bound strongly to the NPC of *X. laevis* oocytes and was translocated through the NPC at high rates ([@bib34]). In additional experiments, NTF2 labeled by the more photostable Alexa633 was used. Control experiments with unconjugated Alexa488 or Alexa633 showed that neither dye interacted notably with the NPC.

The experimental procedure using Alexa488-labeled NTF2 was as follows: GFP-POM121--expressing HeLa cells were permeabilized and the equatorial plane of a cell nucleus was brought into focus. Then, NTF2-Alexa488 was added at picomolar concentrations. Image sequences were acquired in which the samples were repeatedly illuminated for 50 ms with an irradiance of 2.0 ± 0.5 kW/cm^2^ of 488-nm laser light at a lag time of 100 ms between subsequent images. Complete and irreversible bleaching of the GFP fluorescence occurred within an illumination time of 1 s. After that, single Alexa488-labeled NTF2 molecules became visible at the NE. Several video stills from a video sequence (Video 1, available at <http://www.jcb.org/cgi/content/full/jcb.200411005/DC1>) illustrating this are shown in [Fig. 4](#fig4){ref-type="fig"} A.

![**Individual NTF2-Alexa488 molecules observed at the NE.** (A) The equatorial plane of a HeLa cell nucleus was imaged and bleached in the green channel in the presence of picomolar concentrations of NTF2-Alexa488. Complete bleaching of the dominant GFP fluorescence was achieved within 1 s of continuous illumination with 2 kW/cm^2^ of 488-nm laser light. Only then, the single, much fainter fluorescent NTF2 molecules became visible. The shown frames are video stills taken with a frame integration time of 50 ms at the indicated time points (see Video 1, available at <http://www.jcb.org/cgi/content/full/jcb.200411005/DC1>). All frames were contrasted to fluorescence minimum and maximum within each frame; absolute intensities were 2927, 633, 311, 212, 120, and 86, respectively. Bar, 2 μm. (B) Position of the GFP-POM121 (solid line) and all NTF2 molecules observed in the image sequence (dots). Numerous molecules bind at identical, putative NPC positions. (C) NTF2-Alexa488 binding site distribution in relation to GFP-POM121. The long frame integration time prevented frequent observations of single NTF2-Alexa488 molecules in the nuclear interior.](200411005f4){#fig4}

The first images of an image sequence were used to determine the position of the NPCs. Later images were used to derive the positions of single NTF2 molecules and to determine their distance from the NPCs. In [Fig. 4](#fig4){ref-type="fig"} B, the positions of NPCs (line) and individual NTF2 molecules (dots) are shown together. Over a 10-μm long stretch of the NE, ∼30 NTF2 binding sites were observed, corresponding to a density of 3--6 NPC/μm^2^. The distribution of the distances between individual NTF2 molecules and the NPCs has a narrow, almost symmetrical, shape with a maximum slightly shifted to the cytoplasmic side (x = −30 nm; [Fig. 4](#fig4){ref-type="fig"} C). Notably, the obtained binding site distribution was as narrow as that of a recent electron microscopic study ([@bib3]).

Experiments with Alexa633-labeled NTF2 followed a slightly different protocol. After permeabilization of cells and addition of Alexa633-labeled NTF2, the NE was imaged once in the first recording channel. An image series was acquired in the second channel, recording the positions of NTF2 molecules. As in the case of Alexa488-labeled NTF2, the majority of NTF2 molecules was detected immediately at the NE and only a few molecules were observed in the nucleus or cytoplasm. Occasionally, NTF2 molecules bound repeatedly to the same site in the cytoplasm, possibly to NPCs in annulate lamellae ([@bib7]). The distribution of Alexa633-labeled NTF2 was not as narrow as that of Alexa488-labeled NTF2 (Fig. S5, available at <http://www.jcb.org/cgi/content/full/jcb.200411005/DC1>), a fact that was certainly due to the lower colocalization precision of the dual color fluorescence approach. However, also the distribution of Alexa633-labeled NTF2 had a peak within the NPC center, only slightly shifted toward the cytoplasmic side.

The dwell time of NTF2 at the NPC is 5.8 ms
-------------------------------------------

Experiments on the interaction of NTF2 with the NPC, as described in the previous paragraph, yield not only spatial but also temporal information. To examine the duration of binding events, we performed further experiments at higher time resolution using a fast frame-transfer electron-multiplying CCD (EMCCD) camera with single frame integration times ranging from 2 to 5 ms with frame rates of 200--500 images/s. To avoid biasing the dwell times by photobleaching, we used for these experiments NTF2 labeled by the photostable Alexa633. NTF2-Alexa633 is also observed predominantly directly at the NE upon addition to digitonin-permeabilized cells (Fig. S5). The resulting high-speed movies (Video 2, available at <http://www.jcb.org/cgi/content/full/jcb.200411005/DC1>) presented a huge amount of data, and therefore were evaluated using a special data reduction approach, which is detailed in the Online supplemental material. In short, in each frame we evaluated only the fluorescence intensity along the curved line of the NE. These data were plotted as a function of time yielding yt-images showing the events at the NE during the experiment ([Fig. 5](#fig5){ref-type="fig"} A). The appearance of single NTF2 molecules at the NE is indicated in these images by transient horizontal signals. Their lengths along the t-axis documented the duration of the binding events ([Fig. 5](#fig5){ref-type="fig"} B, arrows). In most cases, the binding events were of short duration, in the range of milliseconds only. Genuine binding events were detected in the following way. The background intensity was Gaussian distributed ([Fig. 5](#fig5){ref-type="fig"} C, left peak). Therefore, the probability that a signal with an intensity of mean plus 4 SD is observed is ∼0.003%, i.e., it happens in three out of 10^5^ measurements by chance. Because our time traces contained up to 10^4^ data points, the chance to observe such a signal was virtually zero. Thus, those signals with intensity values greater than the mean plus 4 SD indicated binding events of fluorescent molecules. In cases where long or multiple binding events were observed in a single time trace, the frequency histogram of intensity values displayed even two distinct maxima ([Fig. 5](#fig5){ref-type="fig"} C). The evaluation of the time traces by counting the length of binding events directly yielded the dwell time histogram of NTF2 binding to the NPC (see Materials and methods and Online supplemental material). The obtained dwell time histogram was based on the observation of 335 independent binding events at the NE ([Fig. 5](#fig5){ref-type="fig"} D). Fitting the histogram data by a single exponential yielded a satisfying description of the dissociation kinetics of bound NTF2-Alexa633 molecules from the NPC with a time constant of τ~NTF2~ = 5.8 ± 0.2 ms ([Table I](#tbl1){ref-type="table"}). In addition, we repeatedly observed significantly longer dwell times extending over hundreds of milliseconds (e.g., [Fig. 5](#fig5){ref-type="fig"} B). Approximately 6.2% (21 out of 335) of all observed dwell times were longer than 100 ms. The long dwell times are also documented in Video 1, which was recorded with a frame rate of 6.7 Hz.

![**Binding duration of NTF2 at the NPC.** The original video data is shown in Video 2 (available at <http://www.jcb.org/cgi/content/full/jcb.200411005/DC1>). (A) The line of fluorescence intensities along the NE---averaged over three adjacent pixels---was plotted as a function of time. The bright lines in the image indicate the transient binding of single NTF2 molecules to the NE. (B) Fluorescence intensity along one row in A as a function of time (A, arrows on the right-hand side). The arrows indicate binding events at this NE position. (C) Frequency distribution of the fluorescence intensities of the time trace. The distribution showed two distinct maxima corresponding to the unbound state, when no NTF2-Alexa633 was present at the selected NE site, and bound states. The unbound state corresponded to the background signal distribution and was fitted by a Gaussian. A threshold was defined by the mean value plus 4 × SD. All intensity values above this threshold were interpreted as binding events (B, arrows). (D) Evaluation of such time traces yielded the dwell time histogram of NTF2 binding. The histogram data were fitted by an exponential describing the dissociation of bound NTF2-Alexa633 molecules from the NPC yielding a time constant of τ~NTF2~ = 5.8 ± 0.2 ms. (E) Histogram of the binding times from experiments using NTF2-Alexa633 complexed with RanGDP. The corresponding fit yielded τ~NTF2--RanGDP~ = 5.2 ± 0.2 ms.](200411005f5){#fig5}

###### Results of the single-molecule dwell time analysis

  ---------------------------------------------------------------------------------------------------------------------------------
  Molecule                                             Molecular mass   Number of analyzed\   Dwell time   Binding events longer\
                                                                        binding events                     than 100 ms
  ---------------------------------------------------- ---------------- --------------------- ------------ ------------------------
  NFT2 (dimer)                                         29.5             335                   5.8 ± 0.2    6.2

  NFT2--RanGDP (dimer)                                 83.6             828                   5.2 ± 0.2    2.5

  Transportin                                          97               296                   7.2 ± 0.25   2.4

  Transportin--M3-GST[a](#tfn1){ref-type="table-fn"}   179              334                   5.6 ± 0.2    1.5
  ---------------------------------------------------------------------------------------------------------------------------------

M3-GST occurred as dimer due to the action of GST, which forms homodimers. The given molecular mass is that of M3-GST dimer coupled to transportin.

The dwell time of the NTF2--RanGDP complex is shorter than that of NTF2
-----------------------------------------------------------------------

NTF2 is the transport receptor for RanGDP ([@bib29]; [@bib35]; [@bib37]). Therefore, we investigated whether or not the dwell time of NTF2 was altered by binding to its transport substrate. We performed experiments exactly as in the previous paragraph, with the only modification of adding 1 μM RanGDP. Under these conditions, each NTF2 molecule should be bound to RanGDP. Image acquisition and data analysis were performed in the same manner as before, and a corresponding dwell time histogram was obtained ([Fig. 5](#fig5){ref-type="fig"} E). A monoexponential fit to the dwell time histogram revealed a time constant of τ~NTF2&RanGDP~ = 5.2 ± 0.2 ms, slightly shorter than NTF2 alone. Please note that the measurements of τ~NTF2~ and τ~NTF2&RanGDP~ were based on several hundred single binding events each, and therefore display very small SEMs in the range of 0.01 ms. For that reason, there was a clear indication of a reduction in the NTF2 dwell time at the NE from 5.8 to 5.2 ms, when the receptor had bound its cargo. Notably, in this case also the fraction of long binding events (threshold 100 ms) was reduced from 6.2 to 2.5% (21 out of 828 total observations).

The dwell time of transportin 1 is longer than that of NTF2 but also reduced upon binding to its substrate
----------------------------------------------------------------------------------------------------------

Transportin 1, a 97-kD protein also designated as karyopherin β2, is the transport receptor of the heterogeneous nuclear ribonucleoprotein A1 protein containing an NLS termed M9 ([@bib23]). We used a peptide designated as M3 as import substrate. M3 comprises an M9-NLS conjugated to GST with a dimeric molecular mass of 82 kD ([@bib6]). The experiments image acquisition and data analysis were performed similarly to the NTF2 experiments. Original data obtained at a frame rate of 200 Hz is shown in the Online supplemental material (Video 3, available at <http://www.jcb.org/cgi/content/full/jcb.200411005/DC1>). The video demonstrated that transportin molecules were detected predominantly at the NE, but could also be observed during their random movement within the cell nucleus due to the high time resolution of the observation. It could clearly be observed how the molecules were roaming the nucleus ([@bib26]) and were hitting binding sites from time to time. This finding could not be perceived in Video 1, which showed the transport of NTF2-Alexa488 at the significantly lower time resolution of 6.7 Hz (integration time 50 ms; see also [Fig. 4](#fig4){ref-type="fig"} C). This was because the mobility of the molecules within the cell was so high that they could not be observed at the low time resolution, which was used in the case of NTF2-Alexa488 in order to obtain an optimal localization precision during the binding at the NE. Only at the NE the molecules were localized for longer periods, thus giving rise to signals of sufficient intensity, otherwise the signals were too blurred for a confident detection. [Fig. 6](#fig6){ref-type="fig"} A quantifies the resulting positions of the detected transportin molecules in terms of their distance distribution to the NE. The frequent observation at the NE was shown by the peak of the distribution at d = −2 nm, and the numerous molecules within the nucleus caused the shoulder at the right-hand side of the distribution. [Fig. 6](#fig6){ref-type="fig"} C shows a time trace of one position at the NE over a time span of 10 s. During this time span, four transportin molecules bound to this site at the NE. The insets in [Fig. 6](#fig6){ref-type="fig"} C show these events on an expanded time scale. In the first inset, long binding was most likely due to a transportin labeled by two dye molecules because the trace contains two distinct levels of fluorescence ([Fig. 6](#fig6){ref-type="fig"} B, first inset). However, one dye molecule was bleached subsequent to some blinking after ∼10 frames. Such blinking events are clear indications for the observation of single-molecule fluorescence ([@bib16]). From such time traces, the corresponding dwell time histogram was obtained, again showing an approximate monoexponential decay behavior ([Fig. 6](#fig6){ref-type="fig"} D). A monoexponential fit to the dwell time histogram of transportin 1 revealed a time constant of τ~transportin~ = 7.2 ± 0.25 ms, which was clearly longer than for NTF2. In the next experiments, the transport substrate M3-GST was added at the same concentration as transportin. The dwell time for the complex of receptor and substrate, τ~Transportin&GST-M3~, was determined as 5.6 ± 0.2 ms, clearly shorter than the receptor alone. Again, the reduced binding duration was also reflected by a decreased number of long binding events. For transportin alone, 2.4% (7 out of 296 total observations) of the binding events were longer than 100 ms, whereas for transportin bound to GST-M3, the number of long binding events was reduced to 1.5% (5 out of 334 total observations).

![**Binding of transportin-Alexa633 to the NE.** (A) Binding site distribution of transportin in relation to GFP-POM121 from a single experiment. The mean of all positions determined between −300 and +300 nm was −2 nm (arrow). (B) Frequency distribution of the fluorescence intensities of the time trace shown in C. The distribution showed three distinct maxima corresponding to the unbound and bound states. The threshold was defined as described in the legend to [Fig. 5](#fig5){ref-type="fig"}. (C) Fluorescence intensity at one site on the NE plotted as a function of time. Binding events at this NE position are indicated by a fluorescence value above the threshold (horizontal line at 2250). (insets) Four binding events are shown at higher time resolution. The first inset shows a transportin molecule, which was probably labeled by two dye molecules as indicated by the successive bleaching yielding two distinct fluorescence levels of the bound state (B). The binding events were evaluated with regard to their duration, thus yielding the dwell time histogram of transportin-Alexa633 (D). The histogram data were fitted by an exponential yielding a time constant of τ~transportin~ = 7.1 ± 0.2 ms. (E) Histogram of the dwell times from experiments using transportin-Alexa633 complexed with M3-GST yielding τ~transportin&M3-GST~ = 5.6 ± 0.2 ms.](200411005f6){#fig6}

Discussion
==========

In this work, we used single-molecule fluorescence microscopy for the study of the topography and kinetic processes of supramolecular protein complexes deep within the interior of permeabilized cells. We found that the topography of the NPC could be resolved in its axial direction with high precision by single-molecule microscopy and measured the distance between the nucleoporins Nup358 and POM121. This introductory experiment established that the binding of single molecules to a supramolecular complex buried within a eukaryotic cell can unambiguously be analyzed by dual-color single-molecule microscopy with astonishingly high precision. However, such measurements require that the respective target epitope is readily accessible by the used positional probes and that nonspecific binding is negligible compared with specific binding. Next, we used the high localization precision to study the distribution of binding sites for the nuclear transport receptor of RanGDP, namely NTF2. Finally, we measured the dwell times of the import receptors NTF2 and transportin without and with respective specific cargo molecules at the NPC with millisecond time resolution. It seems that such kinetic measurements at the intact NPC are feasible only by single-molecule methods.

Single NTF2 molecules were most often detected directly at the NE. 77% of all molecules observed in a range of ±500 nm from the NE were found in the range of −100 nm ≤ x ≤ 75 nm. The maximum of the binding site distribution was slightly shifted to the cytoplasmic side (d = −30 nm), with a very symmetrical appearance featuring a FWHM of only 125 nm, a value well below the optical resolution. This distribution suggested that NTF2 binding sites occur not only on the cytoplasmic filaments and at the cytoplasmic face of the central framework of the NPC but also within the central framework and on the proximal part of the nucleoplasmic filaments. However, it appears unlikely that there are many binding sites on the distal part of the nuclear filaments including the distal ring. These results corroborated the findings of a previous electron microscopic study, where gold-labeled NTF2 were shown to bind along the interior and the proximal part of the nuclear filaments of the NPC ([@bib3]).

The dwell times of NTF2 without and with cargo were τ~NTF2~ = 5.8 ± 0.2 ms and τ~NTF2--RanGDP~ = 5.2 ± 0.2 ms, respectively. These numbers were based on the observation of hundreds of single binding events, and therefore have a correspondingly high precision. They indicate a slight decrease in binding duration if the cargo is bound to its receptor ([Table I](#tbl1){ref-type="table"}). This observation was even more obvious in the case of transportin, which was analyzed without and with a cargo peptide comprising an M9-NLS yielding dwell times of 7.1 ± 0.2 and 5.6 ± 0.2 ms, respectively.

The observation that the dwell time of both analyzed transport receptors was reduced upon binding to a specific transport substrate suggested that the overall transport speed for cargo-loaded receptors was accelerated in comparison to empty receptors. Clearly, the presence of the cargo decreased the interaction duration with the NPC, thus yielding higher translocation rates.

Analysis of the dwell times of the receptors without cargo in the context of the known translocation rates yields insights into the transport mechanism. For NTF2, [@bib28] determined a transport rate of 2,500 NTF2-dimers/s/NPC at a concentration difference of 100 μM using permeabilized cells, and for the NPC of isolated *X. laevis* oocyte NEs we ([@bib34]) measured a rate of ∼1,500 NTF2-dimers/s/NPC at a concentration difference of 14.8 μM. For transportin, [@bib28] showed that single NPCs were able to translocate 800 transportin molecules/s at a concentration difference of 68 μM. Transport through a narrow channel containing single binding sites for the transport substrate on either face of the membrane can formally be described by saturation kinetics in analogy to Michaelis-Menten kinetics. In such a system, the maximal transport rate cannot be larger than the inverse of the mean dwell time. The dwell times measured by us could then only account for maximal transport rates of ∼170 molecules/s/NPC for NTF2 and 140 molecules/s/NPC for transportin. Obviously, the bulk transport rates exceed these numbers by an order of magnitude. Hence, the binding process to the NPC itself does not present a rate-limiting step for the overall transport. Rather, translocation through the NPC occurs simultaneously via multiple parallel pathways, as was recently also suggested by [@bib45]. Considering the maximum bulk import rates for NTF2 and transportin per second and NPC, we can conclude that a single NPC may simultaneously harbor 15 empty NTF2 or 6 empty transportin molecules, respectively. With certainty, there is an abundance of FG repeats on the cytoplasmic filaments and the cytoplasmic side of the central framework, which can be occupied by FG repeat binding molecules in parallel. If that multitude of bound molecules is then passed one after the other through a short and narrow channel within the NPC at high speed, large residence times and high transport rates are obtained. Alternatively, one could speculate that transport takes place simultaneously along parallel pathways and binding sites within the transport channel. The first possibility corresponds to the suggestion by [@bib30], and the second comes close to that of [@bib19]. [@bib19] assumes that the NPC contains a channel with a wall densely covered by FG repeats. Binding molecules would hop from one repeat to the other while inert molecules would diffuse through the open center of the channel. [@bib30] suggested that transport occurs via a channel traversing the center of the NPC. Binding sites at the channel entrance would facilitate the diffusion of binding molecules through the channel, whereas nonbinding molecules would be rejected by entropic exclusion, a mechanism referred to as "Brownian affinity gating." [@bib28] proposed that the NPC center is occupied by a dynamic meshwork of FG repeats, acting as a "selective hydrophobic phase." Binding molecules would be dissolved in that phase and cross it by diffusion; nonbinding molecules would be excluded. This model is also compatible with the idea of several molecules being simultaneously translocated.

The fit of the dwell time histograms by a single exponential function yielded good, yet not perfect, agreement with the experimental data. In each single case, small deviations between data and fit were noticeable for dwell times of longer than 30 ms. Furthermore, in addition to the dwell times on the millisecond time scale, we observed for all substrates and complexes studied also binding events to NPCs, which lasted for hundreds of milliseconds. The probability to observe binding events for longer than 100 ms was between 2 and 6%, and was related to the dwell time in the millisecond range ([Table I](#tbl1){ref-type="table"}). These relatively high numbers are not compatible with the assumption of a single rate-limiting dissociation step. This result was in agreement with recent observations by [@bib2]. We could not yet resolve the nature of the longer binding events, possibly they were due to transport attempts through NPCs, which were clogged transiently by translocating RNP particles.

Our kinetic data allow another exciting speculation. A look at the dwell times of the empty receptors might suggest that they were related to their molecular mass ([Table I](#tbl1){ref-type="table"}). This hypothesis seems reasonable because more bulky molecules should need more time to move through the narrow pore and also because larger transport receptors may offer more interaction binding sites to the internal NPC sites. This hypothesis can be designated as "mass" effect. However, upon binding to their transport substrates, the dwell times were reduced. Apparently, the presence of the transport substrate reduced the number and/or durations of receptor interactions with NPC binding sites. This could be due to a steric "shielding" effect, which would counteract the mass effect. Notably, even the binding of transportin to M3-GST reduced the receptor dwell time, although the transportin--M3-GST complex had a noticeably higher molecular mass than transportin alone. In this case, the shielding effect was stronger than the mass effect.

Single-molecule microscopy allows completely new insights into the events at the supramolecular NPC because it can be applied in vivo and circumvents need of synchronizing a bulk of complexes in a specific kinetic state. We are confident that further real-time single-molecule studies will help to resolve the riddle of nucleocytoplasmic transport in the near future.

Materials and methods
=====================

Cell culture, reagents, and antibodies
--------------------------------------

A HeLa cell line stably expressing the GFP-conjugate of POM121 was provided by B. Burke (University of Florida, Gainesville, FL). A polyclonal mouse antibody against Nup358 (αNup358) was provided by E. Coutavas (Howard Hughes Medical Institute, The Rockefeller University, New York, NY). RanGDP was donated by I. Vetter (Max-Planck Institut für Molekulare Physiologie, Dortmund, Germany). Alexa Fluor 488 and 633 carboxylic acid, succinimidyl esters, Alexa Fluor 633--labeled anti--mouse and anti--rabbit antibodies (6.8 dye molecules per protein) were purchased from Molecular Probes. Human NTF2 was expressed, purified, labeled, and characterized as described previously ([@bib34]). Transportin I and GST-M3 were made according to [@bib6].

Experimental setup and fluorescence microscopy
----------------------------------------------

Single molecule experiments were performed at RT using a wide-field single-molecule microscope (model Axiovert 100TV; Carl Zeiss MicroImaging, Inc.; equipped with a 63× NA 1.4 oil objective lens; [@bib18]). The setup and the used image processing procedures are described in detail in the Online supplemental material.

Imaging of the NE
-----------------

Cells were permeabilized with digitonin according to [@bib1]. All experiments were performed in transport buffer (50 mM Hepes/KOH, pH 7.3, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM magnesium acetate, 1 mM EGTA, and 2 mM DTT). A green fluorescent NE of a cell was searched, and the focus position was adjusted to the equatorial plane. After addition of the probe molecules, the sample was fine-focused in the green channel, and an image of the equatorial plane of the GFP-labeled envelope was recorded.

Imaging of single antibodies
----------------------------

Primary antibodies (αNup358) were added to the permeabilized cells and incubated for 30 min on ice. After washing, the coverslips were transferred to a custom-made sample holder and covered with buffer and a lid. Alexa633-labeled secondary antibodies were added at concentrations of 0.1 to 1 nM, depending on the actual cell density. Sequential image acquisition in the red channel was started immediately after acquisition of the green image and continued for 400 images.

Imaging of transport substrates
-------------------------------

NTF2-Alexa633 was added at final concentrations of 0.2 nM to the permeabilized cells. After imaging the NE, videos taken in the red channel illustrated the binding of NTF2 to the NPCs. When using the Sensys camera (Photometrics) with an integration time of 50 ms, 400 images were obtained, whereas in experiments using the iXon camera (Andor Technologies) with integration times between 2 and 5 ms, up to 3,000 single frames were taken. In experiments using NTF2-Alexa488, imaging simultaneously photobleached the GFP-POM121. After GFP bleaching, single NTF2-Alexa488 fluorescence signals became perceptible at the NE.

All experiments were performed on three to six different cells of a single preparation, which were repeated at least threefold. Hundreds of single molecule signals were evaluated for each experimental condition.

Data analysis
-------------

All data analysis procedures are described in detail in the Online supplemental material. Programs were developed in C as macros or extensions to IPLab 3.2.4 (Scanalytics).

Image alignment
---------------

The green and red fluorescence channels were aligned using images of singly dispersed, immobilized multicolor microbeads (TetraSpeck Microspheres; 0.2 μm; Molecular Probes).

Position of the GFP-POM121
--------------------------

We acquired images of equatorial sections of cell nuclei that were oriented parallel to the y-axis or the x-axis. Before further processing, images were filtered using a 5 × 5 Gaussian kernel with an SD of 108 nm. A one-dimensional, nonlinear peak-fitting program, which approximated the fluorescence profile along the pixel rows or columns perpendicular to the envelope orientation by a Gaussian function on a linearly increasing background in a region of ±5 pixels around the maximum intensity, determined the maxima of the fluorescence profile with sub-pixel precision. The fluorescence maxima positions could be determined with a precision of better than 10 nm, because the signal/noise ratio was generally \>20 ([@bib16]).

Determination of single-molecule positions
------------------------------------------

Each image was background subtracted and smoothed with a 0.6-pixel Gaussian filter. The cross-correlation image with the point-spread function was calculated. The result was thresholded to yield segments, which represented regions of maximum overlap with the point-spread function. Their centers of mass were used to define centers of circular regions with a 7-pixel radius within the original image data. From these regions, the starting values for a nonlinear fitting procedure for a two-dimensional Gaussian function with constant background were extracted. The fitting routine determined position, width, amplitude, and background of the single-molecule signals in every frame. Single-molecule positions were determined with localization precisions between 20 and 40 nm with a mean of 22 nm.

Distance determination from NE
------------------------------

For each single-molecule position, we searched the two nearest positions of the NE, which were then connected by a linear line segment. The distance of the single-molecule position to the nearest point on that segment was defined as its distance to the NE. Interpolation errors were \<1 nm.

Dwell time measurements
-----------------------

These measurements were performed using the high-speed iXon camera with a 128 × 128 pixel frame-transfer EMCCD. The CCD pixel size of 24 μm corresponded in object space to a size of 380 nm, which reduces the localization precision. Therefore, all single-molecule signals observed within a distance of ±1.5 pixels (±570 nm) from the NE were taken as being attached to the NPCs. They were visualized by averaging the intensities of three pixels on respective lines perpendicular to the NE and plotting the resulting one-dimensional intensity data along the NE as a function of time. The resulting yt-images were analyzed by searching for lines along the t-axis showing repetitive single-molecule binding events. Along these lines (corresponding to specific positions at the NE with putative NPC positions), we determined the histogram of fluorescence intensity values, which showed two distinct maxima, namely the background and the distinct intensity increase upon single molecule binding. The background intensities were fitted by a Gaussian, and a threshold was defined, which corresponded to the background average plus 4 × SD. All yt-positions with intensity values above the threshold were taken as indicating binding events. The duration of these events was determined from the corresponding fluorescence time traces. During image acquisition, molecules might have been bleached. Therefore, the determined dwell times represent lower limits.

Online supplemental material
----------------------------

The videos contained in the online supplemental material were prepared using IPLab and Quicktime 6 Professional. Video 1 was acquired with a frame integration time of 50 ms and a read-out time of 100 ms. The video data was not filtered and displayed in real time. The red channel of Video 2 was acquired with the EMCCD camera using a frame integration time of 2.5 ms at a frame rate of 400 Hz. The data were filtered with a 3 × 3 × 3 Gaussian kernel in x, y, and t, background-subtracted, and gamma-adjusted (1.5) before overlay with the green channel. The images of Video 3 were acquired with single frame integration times of 5 ms at a frame rate of 200 Hz. The video data were background-subtracted and gamma-adjusted (1.5) for display. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.200411005/DC1>.
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